The concern over pressure regulation especially in cases of posture change and for hypertensive patients points to a need to better understand pressure regulation and to determine the causes of hypertension. This paper and related work is intended to give one an overview of pressure regulation and to indicate the usefulness of simulation as a tool in understanding the intricate mechanism of the cardiovascular system and the effects of pressure regulation.
This paper and related work is intended to give one an overview of pressure regulation and to indicate the usefulness of simulation as a tool in understanding the intricate mechanism of the cardiovascular system and the effects of pressure regulation.
This paper is written to convey techniques of modelling and digital computer simulation that can be utilized t o study the effects of pressure regulation.
I. On Hypertension
The third highest killer of man in the world is heart failure. Associated with and leading to heart failure is excessively high blood pressure (hypertension).
This dreadful physiological disorder has been the cause of much suffering and loss of life. In 85% of the cases, the causes of hypertension leading ultimately to heart failure are not known.
"The criteria for the diagnosis of hypertension are arbitrary, because the arterial pressure rises with age and varies from one occasion of measurement to the other" (2) but elevation of the diastolic pressure (the minimum to which the arterial pressure drops between heartbeats) to 100 mm Hg is a sure sign. Sustained hypertension has been shown to lead to serious secondary vascular changes; it accelerates the development of arteriosclerosis and promotes heart attack and stroke.
Although several drugs were known to reduce the blood pressure, they have undesirable sideeffects, and their use was disparaged as "treating the symptom, not the disease" until Freis ( 3 , 4 ) and others clearly established that reduction of the blood pressure significantly reduced the morbidity and incidence of complications associated with hypertension. During the past decade, the disease has usually been controlled by the prescription of certain drugs (in seven distinct categories). The most suitable drug, or combination drugs and dosage, must be experimentally established for each patient to yield the degree of blood pressure reduction desired without excessive side-effects.
Although hypertension is known to result from kidney or endocrine disorders, congenital malformation of the CVS, or other causes, "in about 85% of cases of hypertensive vascular or cardiovascular disease, no cause can be established" (2) (Essential hypertension).
There is therefore, great potential benefit from better understanding of the mechanisms of hypertension, which may lead to improved methods of diagnosis and therapy. of hypertension can be facilitated by the insights provided by modeling and engineering analysis of the normal and pathological cases. presents models and analysis directed toward answering some of the questions related to "essential hypertension".
Physiological Modeling and Simulation
Attack on the problems
This paper
Although a great deal of clinical work has been done in considering the effects of hypertension, digital computer simulation studies have not been extensively done.
After reviewing the literature, it was found that computer simulation studies have many advantages, especially in the case of physiological* studies, since experimentation can be done on a computer without having to use human patients. This becomes very important especially when tests on the human heart are desired which are very difficult to perform on animals or humans.
As an example, if it is desired to consider the response of the heart without heart-rate feedback, this would be a difficult effect to look at experimentally; nevertheless, it has been done using digital computer simulation.
Proper simulation techniques also have other advantages, namely that the spatial distribution of pressures and volumes in the circulatory system can be calculated directly. This is an advantage afforded by simulation since previous investigators have found the existing measuring apparatus inaccurate and difficult to use in measuring distributions.
Other aspects of cardiovascular simulation that have been found to be of direct benefit are:
1. Once the model was completed one could predict previously unsuspected results for particular situations, which must be investigated experimentally to add strength to their existence as fact.
2. Direct access to system variables for computations (such as cardiac output).
.
Alteration of system parameters to meet given experimental criteria.
Development of a tried and tested model to be utilized by other investigators interested in considering pathological effects on the cardiovascular system. 5. Insight into the complex nature and response of the cardiovascular system. 6 . Savings in the cost of experimentation and the building of expensive apparatus used for testing.
An adequate observation regarding simulation is that not only does the computer model provide insight into the function of physiological systems, but the very act of developing the simulation allows the investigator to gain a better understanding of the mechanism under study.
The aid of the digital computer in simulating the cardiovascular system proved to be very helpful in gaining insight into the mechanism of cardiovascular regulation, particularly the study of the regulation of arterial pressure.
TTI. General Cardiovascular Model Including
Spatial Distribution, Heartrate Feedback, and Renal Fluid Volume Control
A . Introduction
This section presents both the general and specific formulation of the spatial blood pressure and volume distribution model with heart-rate and peripheral resistance control (integrated model).
A s pointed out previously, the purpose of this paper and related work present the results of research in developing a digital computer model of the intact cardiovascular system in order to examine the effects of passive tilting and pressure regulation. The model presented here utilizes the specific components of the spatial distribution model, the mechanical (lumped parameter) model, and the kidney control system model.
Once the segments of this model have all been put together the effects of tilting the cardiovascular system will be examined in relation to how this effects blood pressure regulation.
The model is considered to be essential and useful since it integrates the mechanism of gravitational stress with intact heart-rate and kidney feedback to study both the short-term and long-term effects of arterial pressure regulation (8).
B.
Structure of the Cardiovascular System
The basic CVS structure to be simulated can be understood in terms of the simplified diagrams in Figures l and 2 . Figure 1 illustrates a compartmentalized cardiovascular system with control mechanisms from the aortic arch, carotid sinus and kidney for the analysis of heart-rate feedback and kidney control. It should be noticed that both the venous system and arterial system are connected together through the arterial structure and that they are divided up in segments to study the effects of pressure and volume distribution.
Figure 2 illustrates, in a simplified way, some of the control system aspects of the CVS. It should be noticed in the controlled system that both nerve control signals and hormone control signals are shown going to the cardiovascular system. In this investigation hormone control will not be considered. It can be observed from Figure 2 that the outputs of the cardiovascular system, such as pressure and flows, may be sensed and fed back to the neural controller which in turn performs control of the hearts cardiac output, heart-rate and the vascular systems pressure and flow.
Essentially, the CVS is an extremely complicated multi-variable output control system in which the brain acts as the primary and master controller.
C. General Overview of the Cardiovascular System Model
In order to develop an adequate model of the cardiovascular system the heart, systemic and pulmonary system are modeled separately. Following , where he considered a steady-state, non-pulsatile flow without feedback and linear Starling curves with zero y-intercept; a mechanical analog of the heart will be utilized. An extension of considering flow was implemented using Poiseuille's flow equations. Feedback was incorporated in the model by considering ~_ _ _ _ _ short-term heart-rate feedback and long-term control of the kidneys.
___
Compartmentalization of both the venous and arterial systems was undertaken so that the full effect of the distensibility and non-linearity of these systems may be considered. The compartmentalization of both the venous and arterial systems was undertaken by segmenting both systems in terms of pressure differentials and fluid flow obeying Poiseuille's flow equations. simulated is depicted in Figure 3 .
The system
The system consisted of a finite number (101) lineal segments representing the systemic arterial tree extending from the head to the feet; a similar number of segments for the venous tree paralleling the arteries. Cross-linkages serve to model the major blood pressure controlling regions: head, arms, abdomen and legs. The primary input to the total system is tilt angle 8. as a staircase input function in the model as suggested in the work of Hamilton (7) and the pressure and volume distribution of the venous and arterial system is calculated along with right heart cardiac input % and the left heart cardiac output QL. These cardiac outputs in addition to the pressure and volume distributions are then fed to the lumped parameter mechanical model of the CVS which is modeled using Starling's law of filling and first-order differential equations,
This basic input angle is varied
The output o f this model is a short-term heart-rate regulated arterial pressure and cardiac output which is fed to the longer-term kidney regulation system for the final control of arterial pressure.
The following input variables and parameters are considered for the model: . water and salt intake This model represents the intact CVS model depicted in Figure 1 on the basis of the models developed and tested. A thesis by Dr. Ricci (8) presents the results of the complete model working with the effect of pressure regulation as a function of tilt angle clearly shown.
It can be observed from Figure 3 that both heart-rate and kidney control mechanisms are shown as regulating arterial pressure.
The long-term regulatory effect of the kidneys operates as the controller of the system made up of the mechanical model and spatial model. The spatial model and mechanical model are coupled by cardiac outputs, while the mechanical model has a self regulating heart-rate feedback.
It is the consideration of this intact CVS model that enables one to examine pressure regulation.
D.
Regulation of Arterial Pressure
The arterial pressure is normally regulated at a level much higher than is needed to provide normal blood flow to the tissues. This allows the tissues to increase their blood flow rapidly simply by locally dilating their arterioles (this form of regulation will not be considered in this investigation). tions, such as exercise, the blood flow cannot be increased sufficiently by dilating the arterioles alone. Therefore, the systemic arterial pressure itself increases and thereby adds additional blood flow to the tissues.
In some condiThe general relationship between blood flow, total peripheral resistance and arterial pressure is:
. arterial pressure = cardiac output x total peripheral resistance.
If the total peripheral resistance is held constant and cardiac output increases the arterial pressure will increase. Similarly, any factor which increases the total peripheral resistance while holding the cardiac output constant will increase the arterial pressure. Therefare, the body can control mean arterial pressure by changing either the cardiac output or the total peripheral resistance.
Approximately 50% of the total resistance to blood flow occurs in the arterioles. Furthermore, the arterioles can be constricted or dilated tremendously by either sympathetic nerve impulses or by humoral factors. The resistance in any one arteriole can vary several hundred times.
None of the other vessels of the circulatory system has this extreme ability to vary its resistance. Therefore, one of the most important functions of the arterioles is regulation of peripheral resistance and, thereby, regulation of mean arterial pressure.
There are three basic mechanisms by which the arterial pressure is normally regulated. These are:
. autonomic venous system regulation . kidney regulation by altering body fluids or by causing constriction of arterioles throughout the body blood volume regulation by capillaries .
It is the incorporation of the control of arterial pressure coupled with the spatial volume and pressure distribution that were of importance in this investigation.
IV. Conclusions
This paper has presented an overview of computer models developed to study the effects of pressure regulation and distribution.
The basic mathematical model has been developed and a digital computer simulation completed which yields results which agree with the experimental work of Grodins, McAdam and Guyton. The analytical results obtained show the exponential behavior of the pressure as a function of time and indicate the results with and without feedback.
Of particular significance in this model are the experimental results obtained for pressure regulation with and without feedback. It is shown that arterial pressure is regulated by a decreased heart-rate and increased blood volume. These results agree very well with those published. interesting result is that a time lag is shown in heart-rate response. The cardiovascular regulator including the effects of neural and hormone controls
